SUMMARY
Suppressors of cytokine signaling (SOCS) are important regulators of lipopolysaccharide (LPS) and cytokine responses but their role in macrophage polarization is unknown. We have shown here that myeloid-restricted Socs3 deletion (Socs3 Lyz2cre ) resulted in resistance to LPS-induced endotoxic shock, whereas Socs2 À/À mice were highly susceptible. We observed striking bias toward M2-like macrophages in Socs3
Lyz2cre mice, whereas the M1-like population was enriched in Socs2 À/À mice. Adoptive transfer experiments showed that responses to endotoxic shock and polymicrobial sepsis were transferable and macrophage dependent. Critically, this dichotomous response was associated with enhanced regulatory T (Treg) cell recruitment by Socs3
Lyz2cre cells, whereas Treg cell recruitment was absent in the presence of Socs2 À/À macrophages. In addition, altered polarization coincided with enhanced interferon-gamma (IFN-g)-induced signal transducer and activator of transcription-1 (STAT1) activation in Socs2 À/À macrophages and enhanced interleukin-4 (IL-4) plus IL-13-induced STAT6 phosphorylation in Socs3
Lyz2cre macrophages. SOCS, therefore, are essential controllers of macrophage polarization, regulating inflammatory responses.
INTRODUCTION
Macrophages are key to the development, progression, and resolution of inflammation, with different macrophage subtypes involved at each step. Macrophage polarization is rapid in response to environmental cues, with the polarized extremes (classical [M1] and alternative [M2]) present during acute and resolution phases of inflammation, respectively (Gordon and Martinez, 2010; Mantovani, 2011) . M1 macrophages, activated by microbial ligands and cytokines such as lipopolysaccharide (LPS) or interferon-gamma (IFN-g), have a strong propensity to present antigen (Lolmede et al., 2009 ). These macrophages produce proinflammatory mediators like tumor necrosis factora (TNF-a), interleukin 12 and 23 (IL-12, IL-23), nitric oxide (NO), and reactive oxygen species (ROS) and have a role in killing intracellular microorganisms. Conversely, M2 or M2-like macrophages are promoted by IL-4, IL-13, glucocorticoids, IL-10, and Ig complexes plus Toll-like receptor (TLR) ligands, adapting responses to promote angiogenesis and tissue remodeling. These macrophages produce IL-4, IL-5, IL-10, and IL-13 and are important in atopic disease (Biswas and Mantovani, 2010) and parasite response (Jensen et al., 2011) . Interferon and interleukins are cytokines that exert effects by binding cytokine receptors and by activating Janus kinases (JAK) and signal transducers and activators of transcription (STAT) (Stevenson et al., 2009; Yu et al., 2009) . Classical activation by IFN-g, LPS, or TNF-a is mediated by downstream signaling events such as phosphorylation of STAT1, p65 nuclear factor kappa B (NF-kB), and mitogen-activated protein kinases (MAPK), leading to ROS and NO production (Yu et al., 2009; Mansell et al., 2006; Pelegrin and Surprenant, 2009 ). M2 or M2-like macrophage polarization is facilitated by cytokines that signal via STAT3 and STAT6, such as IL-10 or IL-4 and IL-13 (Biswas and Mantovani, 2010) . However, genome-wide analyses reveal heterogeneity and plasticity of M2 subpopulations-even so, all are associated with increased IL-10 and reduced inflammatory responses (Biswas and Mantovani, 2010) . Moreover, through chemokine repertoires, polarized macrophages control inflammation; for instance, M1 macrophages polarized by LPS and/or IFN-g express the chemokines CXCL1, CXCL2, CXCL3, CXCL5, CXCL8, CXCL9, and CXCL10 and CCL2, CCL3, CCL4, CCL5, CCL11, CCL17, and CCL22, and M2 macrophages increase expression of CCL2, CCL17, CCL22, and CCL24 (Biswas and Mantovani, 2010) . Regulators of immune responses, such as the suppressors of cytokine signaling proteins (SOCS), limit cytokine and LPS responses (Yoshimura et al., 2004) and are rapidly induced by cytokines and pathogen-associated molecular patterns (PAMPS) (Bonjardim et al., 2009; Chen et al., 2006) . SOCS are likely candidates to control leukocyte differentiation and help shape inflammatory reactions. SOCS1, SOCS2, and SOCS3 influence T helper 1 (Th1), Th2, and Th17 cells through IFN-g-mediated STAT1, IL-4-mediated STAT6, and IL-6-mediated STAT3 axes, respectively (Seki et al., 2003; Chen et al., 2006; Egwuagu et al., 2002; Knosp et al., 2011; Nakagawa et al., 2002) . Recent reports suggest that SOCS aid macrophage development and polarization by regulating cytokine and Toll-like receptor (TLR) signaling. Socs3 Lyz2cre macrophages are hyperresponsive to IL-6, whereas SOCS1 is important in regulating IFN-g and STAT1 response genes (Croker et al., 2003; Yasukawa et al., 2003) . Little is known of the role of SOCS in macrophage development, but Socs2 À/À mice show mortality and Th1 cell-mediated responses to Toxoplasma gondii, suggesting more proinflammatory responses to infection (Metcalf et al., 2000; Machado et al., 2006) . Furthermore, SOCS1 and SOCS3 are induced by IFN-g, whereas SOCS1 and SOCS2 are induced by IL-4; this demonstrates an importance of SOCS1 in IFN-g and IL-4 STAT1 and STAT6 pathways, respectively. Importantly, this suggests a reciprocal role of SOCS2 and SOCS3 in regulating downstream responses (Dickensheets et al., 2007) . Recently, RBP-J-mediated Notch signaling has been implicated in regulating macrophage polarization in a SOCS3-dependent manner, thus modulating macrophage antitumor responses (Wang et al., 2010; Mantovani et al., 2011) . Socs3 silencing demonstrates its requirement in M1 macrophage activation in vitro, underlining a role for SOCS3 in macrophage programming (Liu et al., 2008) . Collectively, we highlight a potential role for SOCS as players in macrophage biology and potentially plasticity. Here we have shown SOCS2 and SOCS3 as key diametric regulators of M1-like and M2-like macrophage polarization and inflammatory responses, respectively. These polarized responses were entirely macrophage dependent and influenced T regulatory (Treg) cell recruitment to the inflammatory site. Therefore, SOCS proteins are essential for control of macrophage polarization during inflammation.
RESULTS
SOCS proteins have a role in controlling cytokine and TLR responses. However, the mechanisms by which SOCS control endotoxin responses is controversial (Dimitriou et al., 2008; Dalpke et al., 2008) . To explore the influence of SOCS2 and SOCS3 in endotoxic shock, we injected a lethal dose of LPS intraperitoneally (i.p.) into Socs2
+/cre 3 Socs3 fl/fl myeloidspecific genetically ablated (Socs3 Lyz2cre ), and WT (C57BL/6) mice. As noted by others, Socs3
Lyz2cre mice were resistant, whereas WT mice succumbed within 24 hr ( Figure 1A ; Yasukawa et al., 2003) . Surprisingly, Socs2 À/À mice were highly susceptible, with accelerated mortality observed within 8-13 hr ( Figure 1A ). Concentration of cytokine within the serum 6 hr after LPS showed that Socs2 À/À mice had significantly elevated amounts of TNF-a and IL-6, and IL-10 was much reduced ( Figures 1B-1D ). In contrast, serum amounts of TNF-a and IL-6 were significantly lower in Socs3 Lyz2cre mice and IL-10 concentration was markedly increased (Figures 1B-1D ). Taken together, our results indicate that SOCS2 and SOCS3 reciprocally regulate LPS responses, and although the mechanism was not clear, the fact that SOCS3 was deleted solely in the myeloid lineage suggested that macrophages were probably responsible.
To directly explore SOCS and macrophages in the endotoxin response, peritoneal macrophages from WT, Socs2
, and

Socs3
Lyz2cre mice were extracted. After incubation with LPS, significantly less TNF-a and IL-6 was detected in Socs3
Lyz2cre culture supernatant compared to WT ( Figure 1E ), whereas significantly elevated amounts were detected in Socs2 À/À cultures.
Concurrently, Socs3
Lyz2cre macrophages secreted more IL-10, whereas Socs2 À/À macrophages had decreased amounts compared to WT ( Figure 1F ). These findings clearly showed that Socs2 À/À macrophages had an enhanced proinflammatory response to LPS. Yasukawa et al. (2003) also described reduced TNF-a in Socs3 Lyz2cre macrophages, but attributed this to prolonged IL-6-mediated STAT3 signaling contributing to antiinflammatory effects comparable to IL-10. Significantly less IL-6 was detected in Socs3 Lyz2cre peritoneal macrophages after LPS treatment compared to WT ( Figure 1G ), suggesting that the reduced IL-6 expression may be a consequence rather than cause of reduced LPS responsiveness. Differences in supernatant IFN-g were also noted between strains, with Socs3
Lyz2cre mice concentrations significantly decreased compared to WT, although amounts were elevated in the absence of SOCS2 ( Figure 1H ). Lyz2cre mice, as a result of placental insufficiency (Takahashi et al., 2003) , SOCS3 deletion is restricted to the myeloid lineage (macrophages, dendritic cell subsets, and neutrophils) (Clausen et al., 1999) , whereas SOCS2 deletion is ubiquitous in Socs2 À/À mice. It was important to delineate whether lack of SOCS in macrophages specifically was solely responsible for our observations. To this end, we purified peritoneal macrophages by adhesion (>95% purity) and adoptively transferred 2 3 10 6 WT, Socs2 Figure 2A) , with associated decreases in amounts of TNF-a detected in the serum ( Figure 2B ) and increased amounts of IL-10 ( Figure 2C ). In contrast, transfer of Socs2 À/À macrophages conferred marked increases in LPS susceptibility. This increased susceptibility was comparable to observations with LPS-treated Socs2 À/À mice, suggesting that macrophages are probably responsible for the increased susceptibility and responsiveness to LPS stimulation in vivo.
To determine whether these observations could be replicated in a clinically relevant model, we employed a model of sepsis, by using caecal-ligation and puncture (CLP) described previously (Hams et al., 2011) . Within 24 hr of CLP surgery, mice receiving WT macrophages i.p. displayed signs of endotoxic shock: drop in core temperature followed by fatality over 4 days ( Figures  2D and 2E Figure 2D ). These concordant observations from both sepsis models strongly suggested both the Socs3 Lyz2cre anti-inflammatory and the Socs2 À/À proinflammatory responses were due to macrophages and importantly were dominant over the endogenous inflammatory responses.
SOCS2 and SOCS3 Are Required for Normal Macrophage Polarization
Reduced proinflammatory and concomitant anti-inflammatory responses are characteristics of alternatively activated (M2 or M2-like) macrophages (Biswas and Mantovani, 2010) . In light of our results and because SOCS control both cytokine and LPS signaling, we speculated that Socs3 Lyz2cre macrophages might have a M2-like bias or anti-inflammatory traits, whereas To more closely delineate these two differential populations, we tested markers of polarization, activation, and lineage (major histocompatibility complex class II molecule [MHCII] , CD80, intracellular IL-10, Ly6C, Ly6G, CX3CR1, and CD11c) and found that the M2-like macrophages showed enhanced IL-10 but reduced MHCII and CD80 compared to the M1-like cells. By using Socs2 À/À or Socs3 Lyz2cre mice expressing Cx3cr1 GFP , we found that both the M1-like and M2-like populations were CX3CR1 + Ly6G À CD11c À (Figures S1A and S1B available online),
suggesting that the cells are myeloid derived and uncontaminated by neutrophils or dendritic cells. These populations also expressed differing surface expression amounts of CX3CR1 and Ly6C-with the F4/80 int CD11b hi population showing the enhanced Ly6C expression associated with inflammatory macrophages or TNF-and iNOS-producing DCs (TipDCs) (data not shown) (Geissmann et al., 2010) . We next examined the ability of these macrophages to polarize in response to endotoxin. A lethal dose LPS was administered i.p. for 0-4 hr prior to peritoneal macrophage extraction. M1-like and M2-like cells were quantified by flow cytometry. WT mice exhibited a clear population shift in response to LPS away from the M2-like and toward the M1-like phenotype ( Figure 3B , left). However, the absence of SOCS2 resulted in increased M1-like cell polarization after LPS, whereas M2-like macrophages decreased, suggesting that SOCS2 regulates these shifting endotoxin responses ( Figure 3B , middle). In addition, there was a lack of any shift away from steady state in
Socs3
Lyz2cre mice, implying an important but opposing role for SOCS3 in these processes ( Figure 3B , right). We found that WT mice had clear shifts in response to LPS challenge ( Figure 3B ) and this M1-like population showed increased classical activation markers (enhanced MHCII and CD80) ( Figure S1C ). This proinflammatory macrophage population was not induced in Socs3
Lyz2cre mice, but was markedly increased in Socs2 À/À mice, suggesting that SOCS genes are required to direct macrophage polarization in vivo. Socs3 Lyz2cre mice also had increased IL-10 expression both basally and after LPS stimulation (within the M2-like F4/80 hi CD11b hi population), compared to WT and Socs2 À/À mice ( Figure S1C ). To confirm the phenotype of these macrophages, both M1-like and M2-like populations were cell sorted via flow cyometry from peritoneal lavage of WT, Socs2
, or Socs3 Lyz2cre mice treated with LPS for 0-24 hr.
Expression of M1 and M2 markers was assessed by quantitative polymerase chain reaction (q-PCR) ( Figures 3C and 3D ) from extracted mRNA and revealed increased M1-associated Nos2 within the M1-like gate ( Figure 3C ) and enhanced M2-associated genes (Arg1 and Chi3l3 [also known as Ym1]) within the M2-like population ( Figure 3D ) of each strain. These data confirmed that these gated populations corresponded to the M1-and M2-like phenotypes and that Socs2 À/À macrophages were predomi- Lyz2cre mice were treated with M1-(LPS plus IFN-g) or M2-(IL-4 plus IL-13) polarizing stimuli for 24 hr and gene markers associated with M1-like ( Figures 3E-3G ) and M2-like ( Figures 3H-3L ) polarization was assessed by qPCR. The absence of SOCS2 completely prevented macrophage polarization toward an M2-like phenotype, even in the presence of M2-polarizing conditions, although these cells strongly expressed M1-like genes. Specifically, we observed expression of Tnfa and Il12, even in the context of M2 stimuli ( Figures 3F and 3G ), but virtually no Il10, Tgfb, Chi3l3, Retnla, or Arg1 expression ( Figures 3H-3L) . Indeed, the absence of SOCS3 caused a marked bias of M2-like gene expression even in the presence of LPS plus IFN-g ( Figures 3J-3L ), whereas M1-like associated gene expression (Nos2, Tnfa, Il12) was reduced ( Figures 3E-3G ). These 
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Socs3
Lyz2cre macrophages instead exhibited elevated expression of Arg1 and Il10 even in unstimulated (control) conditions in addition to expressing high amounts of Chi3l3 and Retnla ( Figures 3K and 3L ). Socs1 gene expression was upregulated in the absence of both SOCS2 and SOCS3 ( Figure S2D ). Therefore, it appeared that SOCS2-and SOCS3-deficient macrophages were predisposed to polarize to M1-like and M2-like subsets, respectively, regardless of stimulation. , and Socs3 Lyz2cre mice and polarized for 24 hr ex vivo with PBS (control), IL-4+IL-13
(10 ng/ml), or LPS+IFN-g (100 ng/ml).
(E-L) mRNA expression of M1 markers Nos2 (E), Tnfa (F), and Il12 (G) and M2 markers Arg1 (H), Il10 (I), Tgfb (J), Chi3l3 (Ym1) (K), and Retnla (Fizz1) (L) were quantified by q-PCR and plotted as relative gene expression compared to WT unstimulated. Primers outlined in Table S1 . Data representative of three individual experiments of three mice treated and assayed in duplicate and expressed relative to PBS control ± 1 SEM. See also Figure S1 . Figure S2 .
To determine whether this altered gene expression occurred during polarization of other macrophage populations, we asked whether bone marrow-derived macrophages (BMDM) also exhibited similar polarization profiles. Macrophages were stimulated as above, and a similar distorted polarization profile was observed in WT, Socs2
Lyz2cre BMDM (data not shown), suggesting that SOCS2 and SOCS3 are required for direction of polarization responses in macrophages from multiple tissues.
Adoptive Transfer of SOCS2-or SOCS3-Deleted Macrophages Alter Treg Cell Recruitment To explore whether enhanced protection against LPS in Socs3 Lyz2cre mice and in
Lyz2cre macrophage-recipient mice was solely due to macrophages or partly due to recruitment of other regulatory cells, we examined the chemokine expression profile of peritoneal macrophages. After polarization of WT, Socs2
, and Socs3
Lyz2cre macrophages with M1 or M2 stimuli, we found that Socs3-deleted macrophages had higher gene expression of the T regulatory (Treg) cell-attracting chemokines Ccl17 and Ccl22 ( Figure 4A ), regardless of polarizing stimulus, with Ccl22 Figure 4B ), which was sustained for at least 24 hr ( Figure S2 ). In contrast, no peritoneal CD4 + Foxp3 + Treg cells were detected in recipients of Socs2 À/À macrophages after LPS treatment ( Figure 4B ). Therefore, altered recruitment of Treg cells may contribute to the bipolar inflammatory responses observed in the presence of SOCS-ablated macrophages. , and Socs3 Lyz2cre mice were injected i.p. with 1 mg/kg LPS for 24 hr. Mice were sacrificed and peritoneal macrophages were extracted prior to further treatment with 100 ng/ml LPS plus IFN-g (A) or 10 ng/ml IL-4 plus IL-13 (B) for 0, 30, and 120 min before cell lysis. (C-F) Lysates were blotted on 8% SDS-PAGE for pY-STAT1, pY-STAT6, total STAT1, and total STAT6 expression. Binding of pY-STAT1 and pY-STAT6 to M1-and M2-associated genes (Nos2, Tnfa, Ccl17, and Arg1) was assessed by chromatin immunoprecipitation 0-2 hr after stimulation by 100 ng/ml LPS plus IFN-g or 10 ng/ml IL-4 plus IL-13. Data are representative of at least three independent experiments. See also Figure S3 and Table S1 .
Altered STAT Signaling in Macrophages Lacking SOCS
Interferon and interleukins are cytokines that exert effects by binding to their respective cytokine receptors and activate the JAK-STAT signaling pathway. In order to investigate whether Socs2 À/À or
Socs3
Lyz2cre macrophages had altered signaling responses to polarizing stimuli, we investigated STAT signaling. We found that Socs2 À/À cells consistently showed enhanced STAT1 phosphorylation in response to proinflammatory stimuli (LPS plus IFN-g) ( Figure 5A ) and even LPS alone ( Figure S3E ). In contrast, Socs3 Lyz2cre macrophages exhibited constitutive STAT6 phosphorylation, which was enhanced and prolonged after IL-4 plus IL-13 stimulation, whereas Socs2 À/À cells showed the reverse trend ( Figure 5B ). Furthermore, these alterations in phosphorylation of STAT1 and STAT6 translated into differences of promoter region binding and activation of classical markers when analyzed by chromatin immunoprecipitation. In the absence of SOCS2, STAT1 binding to the M1 marker Nos2 and Tnfa gene promoters was enhanced compared to WT, whereas binding of STAT6 to Arg1 and Ccl17 promoters was decreased. However, the opposite trend was observed in the absence of SOCS3, with decreased binding of STAT1 to Nos2 and Tnfa and increased binding of STAT6 to Arg1 and Ccl17 compared to WT (Figures 5C-5F ). STAT1 and STAT6 promoter binding of these genes was specifically affected as demonstrated (Figures S3A-S3D) . Moreover, we consistently observed elevated SOCS1 expression in the Socs3
Lyz2cre macrophages (Figure 6 ), perhaps explaining the blunted IFN-g-induced STAT1 response. Because LPS is a strong inducer of IFN-g, SOCS1, and SOCS3 in macrophages, the experiments were repeated with LPS alone and in the presence of a neutralizing IFN-g antibody. Importantly, similar phosphorylation of STAT was observed after LPS treatment alone ( Figure S3E ) and in the presence of an anti-IFN-g (Figure S3F ), reinforcing our findings that SOCS-deficient macrophages are terminally differentiated and confirming that responses to endotoxin, rather than secondary cytokine responses, are more important in this acute model of disease. We also observed elevated amounts of SOCS3 (and to a lesser extent SOCS1) in the absence of SOCS2 (Figure 6 ), pointing toward a self-regulatory role for SOCS proteins. As stated previously, we also found differential expression of Socs1 mRNA by qPCR in WT, Socs2 À/À , and Socs3 Lyz2cre macrophages. This reciprocal regulation would explain the dramatic alterations in JAK-STAT signaling observed and may help elucidate the mechanism for enhanced M1 polarization observed in the absence of SOCS2 and the blunted M1 polarization in Socs3
Lyz2cre macrophages. Yasukawa et al. (2003) postulated that the absence of SOCS3 leads to prolonged IL-6-mediated STAT3 signaling in a manner similar to IL-10 and thus provided an explanation for the endotoxin tolerance in Socs3 Lyz2cre mice. However, our findings suggest that these differences may be a consequence of changes in macrophage polarization rather than the cause of the anti-inflammatory responses. In order to conclusively answer this question, we crossed the Socs3 Lyz2cre strain with an Il6 À/À strain and found resistance to LPS comparable to Socs3 Lyz2cre mice in terms of both mortality ( Figure 7A ) and in vivo and in vitro amounts of TNF-a and IL-10 Similarly, in vivo LPS challenge resulted in reduced TNF-a, whereas serum IL-10 amounts were increased comparable to that of Socs3 Lyz2cre -ablated strains ( Figures 7B-7F ). These results further support the view that mechanisms other than altered IL-6 signaling may be responsible for the LPS unresponsiveness observed in Socs3
IL-10 Is Required to Prevent Sepsis in Presence of SOCS3-Polarized Macrophages
Lyz2cre mice and that altered macrophage polarization could be the major contributing factor to the observations in these mice. Collectively, our findings suggest that macrophage polarization is controlled by cytokine-mediated STAT signaling. Therefore, we used cytokine-neutralizing antibodies in vivo to examine these responses and attempt to restore normal WT responses in both the Socs2 À/À and Socs3 Lyz2cre mice. In Figure 7G we show that blockade of IL-4-mediated signaling partially rescued Socs3 Lyz2cre mice responsiveness to LPS, whereas blockade of IL-10R had a profound inflammatory effect eliciting LPS responses near WT serum concentrations (28-36 hr versus 24-28 hr, respectively) ( Figure 7H ). Similarly, we transferred WT, Socs2
, or Socs3 Lyz2cre macrophages into Il10 À/À recipient mice and found that LPS-induced lethality was reduced on transfer of Socs3 Lyz2cre cells (Figures S6A and S6B) but that these mice eventually succumbed to LPS, suggesting that macrophage-derived IL-10 was not the sole contributor to resistance in Socs3
Lyz2cre mice. Conversely, blockade of IFN-g and subsequent phospho-STAT1-mediated TNF-a production (Figure 7I ) resulted in reduced Socs2 À/À mice lethality compared to IgG1-treated controls (19-22 hr versus 8-14 hr, respectively) whereas blocking IL-10R antibody marginally enhanced inflammation in Socs2 À/À mice (data not shown). End-point serum was assayed by ELISA for IL-6, TNF-a, IFN-g, IL-4, and IL-10 after blockade with specific blocking antibodies or isotype controls and LPS challenge ( Figures S6C-S6E ). These experiments ( Figures 7G-7I ) indicate that blockade of IL-4 and IL-10R in Socs3 Lyz2cre mice elevated proinflammatory responses, consistent with the increased severity of disease. In contrast, blockade of IFN-g reduced production of TNF-a and IL-6 cytokines in the absence of SOCS2.
Taken together, our data indicate a diametrically opposed role for SOCS2 and SOCS3 in regulating M1 and M2 macrophage polarization and strongly indicate that blocking specific polarization stimuli in macrophages may skew polarization and promote restoration of normal endotoxin responses.
DISCUSSION
Macrophages are essential for effective inflammatory responses. It is now accepted that macrophages have phenotypic and functional diversity regulated by numerous factors (Gordon and Martinez, 2010) . We have shown that SOCS play important roles in maintaining homeostasis of macrophage responses and are required for normal polarization. Socs2 À/À macrophages exhibited marked enrichment of the M1-like population, whereas Socs3
Lyz2cre macrophages showed complete absence of these cells. Surprisingly, the inflammatory phenotypes of SOCS2-or SOCS3-deficient macrophages were fixed and were incapable of switching their characteristics upon polarizing stimulation. Indeed, on transfer into WT hosts, their inflammatory responses were dominant over endogenous cells. This fixed polarization was associated with enhanced STAT responses and constitutive expression of polarized markers. 
, and Socs3
Lyz2cre peritoneal macrophages were extracted and treated with 100 ng/ml LPS plus IFN-g for 0, 3, and 24 hr. Lysates were immunoblotted on 12% SDS-PAGE for SOCS1, SOCS2, SOCS3, and Tubulin as loading control. Data are representative of three independent observations. See also Figure S3 .
Moreover, Socs3
Lyz2cre macrophages displayed enhanced Treg cell recruitment after LPS-induced shock, whereas this failed to occur in Socs2 À/À macrophage recipients. These observations suggest that the divergent inflammatory responses observed in SOCS-deficient mice result from altered cell recruitment and suppressive cytokine production by macrophage. Blockade of defined polarization cytokines suggest that profound pro-or anti-inflammatory responses in Socs2
and Socs3 Lyz2cre mice are caused by skewed macrophage activities. Therefore, our findings demonstrate an essential role for SOCS in regulating macrophage polarization and inflammation. Hitherto, SOCS genes had noted roles in the maintenance of homeostasis and resolution of inflammatory processes (Seki et al., 2003; Chen et al., 2006; Croker et al., 2003) . Recent evidence supports a role in balancing T helper cell polarization, potentially by controlling JAK and STAT activation (Croker Yoshimura, 2009; Zhu and Paul, 2010) . SOCS3 expression is constitutively elevated in Th2 cells (Nakagawa et al., 2002; Zhao et al., 2010) and may be essential for development, perhaps at the expense of Th1 cells (Chen et al., 2006) . In contrast, expanded Th1 cell polarization was observed in Socs1
mice at the expense of Th17 cells (Tanaka et al., 2008) . Moreover, recent evidence shows that SOCS2 prevents atopic Th2 cell-associated responses (Knosp et al., 2011) . Perhaps these observations are not unexpected; STATs are known to regulate CD4 + T cell polarization (Zhao et al., 2010) and SOCS are pivotal in limiting STAT activation.
Because SOCS are key regulators of T helper cell polarization, the possibility that these genes regulate macrophage polarization seems logical. Little is known in this regard, but Socs2 À/À mice have heightened proinflammatory responses after Toxoplasma gondii infection (Machado et al., 2006; Metcalf et al., 2000) and others have postulated that in the absence of SOCS3, IL-6 signals in a manner similar to IL-10, providing one possible explanation for the endotoxin tolerance observed in mice (Croker et al., 2003; Yasukawa et al., 2003) . However, our observations suggest that, although this may indeed be so, the anti-inflammatory effects of IL-6 may be a consequence of altered macrophage polarization rather than a direct cause of the endotoxin tolerance. Recently, Whitmarsh et al. (2011) showed Socs3 Lyz2cre mice as more susceptible to T. gondii infestation compared to WT and able to be rescued by anti-IL-6
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Role of SOCS2 and SOCS3 in Macrophage Polarization administration or treatment with IL-12 cytokine. It should be noted that T. gondii as an intracellular parasite (as opposed to LPS, which primarily promotes responses through the surface TLR4) cannot be directly compared to our findings because these models and the mechanisms of response are very different. Taken with a report by Jensen et al. (2011) , it appears that some species of T. gondii more readily promote polarized M1 responses than others, perhaps also explaining differences between our models. Interestingly, we do see many similarities including reduced IL-12 and IFN-g and prolonged STAT3 signaling. We find elevated SOCS1 protein expression in Socs3
Lyz2cre cells, perhaps suggesting a role for SOCS1 in macrophage polarization. Socs1 À/À mice are hypersensitive to IFN-g (Alexander et al., 1999) and endotoxic shock (Nakagawa et al., 2002) , and macrophages from these mice have uncontrolled LPS plus IFN-g signaling, producing high concentrations of proinflammatory cytokines in response to TLR2 and/or TLR4 activation (Chen et al., 2006) . SOCS1 directly controls TLR signaling and proinflammatory responses through degradation of interleukin-1 receptor-associated kinase 1 (IRAK1) and p65 (Ryo et al., 2003) and phosphorylated MyD88 adaptor-like (MAL) (Mansell et al., 2006) . Although the profile of Socs1 À/À macrophages has to be examined, our data would support exaggerated M1-like expansion in Socs1 À/À animals. Indeed, macrophage-specific deletion of SOCS1 leads to reduced susceptibility to B16 melanoma growth and colon carcinogenesis through increased antitumor responses (Hashimoto et al., 2009 ) and perhaps also altered tumor associated macrophage (TAM) polarization toward M1-like macrophages. Our observation that SOCS1 is elevated in Socs3 Lyz2cre macrophages implicates SOCS1 in limiting M1 cells and should be explored. In Socs2 À/À macrophages, we also noted increased SOCS1, but also differences in the amount and duration of SOCS3 expression. Reports that SOCS3 blocks TLR signaling may need reinterpretation because these observations may be due to altered NF-kB activity in SOCS3-deleted macrophages. Indeed we found that Socs3 Lyz2cre macrophages depressed STAT1 phosphorylation by IFN-g and this correlated with elevated SOCS1. We also found an opposite trend in the absence of SOCS2 with increased phosphorylation of STAT1 and failure to upregulate SOCS1. Because SOCS proteins, including SOCS2, may reciprocally regulate each other (Tannahill et al., 2005; Piessevaux et al., 2006) , via ubiquitin E3-ligase activity, this might explain both the alteration of SOCS expression and the requirement of SOCS2 and SOCS3 to maintain responses to LPS plus IFN-g. In addition, treatment with anti-IFN-g prior to LPS treatment resulted in STAT phosphorylation similar to macrophages stimulated with LPS alone in the absence of SOCS2 or SOCS3 and reinforces our opinion that these cells are terminally polarized. Our observations of altered IFN-g and elevated IL-10 secretions by Socs3 Lyz2cre macrophages may suggest that the anti-inflammatory properties of IL-10 are important in regulating polarized responses in this setting. The transcription factor IRF5 is postulated as a ''master regulator'' skewing macrophages toward M1 (Krausgruber et al., 2011) . Krausgruber et al. (2011) suggest that IRF5-overexpressing macrophages (expressing M1 profiles) are associated with increased Th1 and/or 17 cell recruitment. Although IRF5 may be a transcriptional master regulator, our data suggest that the SOCS family could also be classed as master regulators further upstream in polarization pathways. We would postulate that SOCS proteins regulate cytokine-mediated signaling pathways in a classical negative-feedback loop. This balance of SOCS1, SOCS2, and SOCS3 expression within the cell would therefore provide a clear explanation for differences in signaling observed when these key proteins are deficient, deleted, or overexpressed. It is clear that differences in SOCS expression may lead to altered signaling from key pathways, particularly the STATs but also other pathways such as the MAPK, ERK, PI3K, and AP-1 cascades (Zheng and Specter, 1996) . It is clear to us that alterations in SOCS expression such as those observed here would have major consequences on these signal cascades and may provide potential therapeutic targets in the future.
Although Socs3 Endotoxin-Induced Model of Sepsis and Specific Blockade of Cytokine Activity Sepsis was induced in mice by injecting 6 mg/kg E. coli-derived ultrapure LPS (invivogen) or PBS (not shown) i.p. Survival after LPS was monitored. Mice were culled immediately at a humane end-point noted by loss of self-righting and insensitivity to touch. IL-4 (Clone 11B11 A. MacDonald, Edinburgh, UK), IL-10R (P. Fallon, Dublin, Ireland), and IFN-g (BioXcell Clone R4-6A2) blocking utilized i.p. injection of 0.25 mg, 0.5 mg, and 0.5 mg neutralizing antibodies, respectively, 24 hr prior to LPS challenge and each subsequent 24 hr until end points.
Cecal Ligation and Puncture Model
Polymicrobial sepsis was induced in mice by the CLP method as previously described (Hams et al., 2011) . Transponders (BioMedic Data Systems) were implanted 72 hr before surgery to monitor temperatures. 2 3 10 6 C57BL/6,
Socs2
À/À , or Socs3 Lyz2cre peritoneal macrophages were injected i.p. into WT recipients 24 hr before and after CLP. Mice were anesthetized and the caecum of each mouse was ligated and punctured to allow peritoneal leakage. Survival and temperatures were monitored. Pain relief was provided throughout with buprenorphine.
Cytokine Analysis
Macrophages were stimulated in vitro as indicated with LPS (Invivogen), IFN-g, IL-4 or IL-13 (Peprotech), and TNF-a, IL-4, IL-6, and IL-10 supernatant concentrations were determined by ELISA according to manufacturer's instructions (R&D Systems). Challenged mice were tail bled or cardiac punctured at stated time points. Blood was left to clot at room temperature for 10 min, centrifuged at 13,000 3 g for 10 min, and serum assayed by ELISA or meso-scale discovery (MSD) multiarray.
Gene Expression Analysis
Peritoneal macrophages were stimulated with polarizing stimuli for 24 hr. RNA was extracted by RNAeasy kit (QIAGEN UK) according to instructions. First-strand cDNA was synthesized with mMLV and random primers (Invitrogen) according to instructions. PCR was performed on an MX3000P qPCR machine (Agilent), 50 ng of cDNA, SYBR Green (QIAGEN UK), and primers described in Table S1 . Cycling conditions were 45 cycles of 95 C for 1 min, 58 C for 30 s, 72 C for 30 s, followed by a dissociation curve to control for genomic DNA.
Immunoblotting and Immunoprecipitation
Macrophages were stimulated with ultrapure LPS plus IFN-g or IL-4 plus IL-13 as indicated. Cells were lysed with RIPA buffer. Expression of SOCS1 (Invitrogen #38-S200), SOCS2 (Cell Signaling #2779S), SOCS3 (IBL, Hamburg C204 #18391), STAT1 (Abcam UK #ab3987), pYSTAT1 (Cell Signaling #9171S), STAT6 (Santa Cruz Biotechnology #sc-621), pYSTAT6 (Imgenex #IMG408A), and g-tubulin (Sigma Aldrich UK #T5192) were determined by immunoblotting. STAT1 and STAT6 binding of Nos2, Tnfa, Ccl17, and Arg1 promoter regions were investigated with the STAT1 and STAT6 antibodies as above, the EZ-ChIP chromatin I.P kit (Millipore # 17-371), and specific ChIP promoter primers as detailed in Table S1 .
Flow Cytometric Analysis
Macrophages from treated mice were analyzed for F4/80, CD11b, CD11c, CD80, Ly6C, Ly6G, and IA-IE (MHCII) (BD Biosciences) expression with a FACScantoII flow cytometer (BD). Intracellular staining of peritoneal macrophages for IL-10 (E-Biosciences) was carried out as instructed (BD cytofix/ cytoperm). 
Statistical Analyses
